Within the multidomain structure of ZO-1 are motifs responsible for ZO-1's localization to intercellular junctions and its newly demonstrated localization to the leading edge of lamellipodia in corneal fibroblasts. Since ZO-1 also has two nuclear localization signals, this study was undertaken to determine whether stimuli associated with wounding would induce nuclear translocation of ZO-1 METHODS. Immunocytochemistry and immunoblot analysis were used to localize endogenous and exogenous ZO-1 in nuclear and cytoplasmic sites in corneal fibroblasts and 293T fibroblasts, with and without myc-ZO-1 transfection. Cells were serum starved by growth for 48 hours in DMEM/F12 with 0.2% FBS and subsequently were either scrape wounded or treated with 10% FBS, PDGF, or FGF-2 for 6 hours. For immunoblot analysis, after lysis, the nuclear and cytosolic fractions were separated and analyzed by SDS-PAGE. Cells on companion coverslips were fixed with 3% p-formaldehyde and permeabilized with 1% Triton before immunocytochemical detection of ZO-1 and nuclear proteins. RESULTS. ZO-1 was rarely detected in the nucleus of serumstarved corneal fibroblasts. In contrast, it colocalized with nucleolin in the nucleoli of corneal fibroblasts after serumstarved cells were treated with 10% FBS, PDGF, or FGF-2. Immunoblot analysis confirmed the immunocytochemical results: Little ZO-1 was detected in the nuclear fraction of lysates of serum-starved cells, but ZO-1 was found in the nuclear fractions of rabbit corneal and 293T fibroblasts treated with 10% FBS, PDGF, or FGF-2. Furthermore in scrape-wounded corneal fibroblasts, ZO-1 was localized to nucleoli of both serum-starved and serum-treated cells. CONCLUSIONS. Localization of ZO-1 to nucleoli of corneal and 293T fibroblasts under proliferative and promigratory conditions suggests a physiologically significant interaction of ZO-1 with proteins in nucleoli during the healing process. (Invest Ophthalmol Vis Sci. 2007;48:2043-2049 1-3 We recently reported the detection of ZO-1 in the leading edge of corneal fibroblasts migrating into a scrape wound where ZO-1 colocalized with integrins and polymerizing actin. 4 The multiple PDZ protein-protein interaction domains allow ZO-1 to function as a scaffold protein linking the actin cytoskeleton with proteins in the leading edge of the lamellipodia or in cell-cell junctions. 5, 6 Within ZO-1's domain structure there are also two nuclear localization signals (NLSs)-one in its first PDZ domain and one in its GUK domain-compared with ZO-2, which has only one nuclear localization domain in it first PDZ domain.
W ounding of the cornea activates quiescent fibroblasts (keratocytes) in the stroma to proliferate and migrate into the wound. [1] [2] [3] We recently reported the detection of ZO-1 in the leading edge of corneal fibroblasts migrating into a scrape wound where ZO-1 colocalized with integrins and polymerizing actin. 4 The multiple PDZ protein-protein interaction domains allow ZO-1 to function as a scaffold protein linking the actin cytoskeleton with proteins in the leading edge of the lamellipodia or in cell-cell junctions. 5, 6 Within ZO-1's domain structure there are also two nuclear localization signals (NLSs)-one in its first PDZ domain and one in its GUK domain-compared with ZO-2, which has only one nuclear localization domain in it first PDZ domain. 5, 7 Recently ZO-1 has been identified as a member of the NACos family of proteins that localize to the nucleus and adhesion complexes, 5 presumably using the NLSs. In epithelial cells, other NACos proteins, including ␤-catenin, paxillin, symplekin, ZONAB, ZO-2, and ZO-3, have been found in the nucleus, where they may interact with specific transcription factors. 5 For example, ␤-catenin associates with LEF/TCF transcription factors in the nucleus, and ZO-2 interacts with Jun and Fos (AP-1), C/EBP transcription factors 8 and the DNA-binding protein scaffold attachment factorB (SAF-B). 9 Based on morphology and function, NACos proteins have been localized in nuclear subdomains including nucleoli, Cajal bodies, splicing speckles, and promyelocytic leukemia-PML sites associated with transcription as (co)activators or repressors, with mRNA processing, and with RNA export, respectively. 10, 11 ZO-1 has been immunodetected in the nucleus in subconfluent cultures of epithelial cells (MDCK, LLC-PK1, and CV-1) during the remodeling of cell-cell contacts during wound healing. 5, 12 However, herein we report that not only does ZO-1 translocate to the nucleus of corneal fibroblasts under conditions that mimic wounding, but it localizes quite specifically to the nucleolus. Nucleolar localization suggests that ZO-1 may participate in sequestration of proteins that control cell-cycle checkpoints and proliferation or regulate rRNA synthesis. 10, 13, 14 
METHODS

Cell Culture
Quiescent corneal fibroblasts were released from rabbit corneas (Pel Freeze, Rogers, AR) by collagenase as described in Masur et al. 15 The fibroblasts were grown in DMEM/F12 supplemented with 10% fetal bovine serum (10% FBS/DMEM/F12), antibiotics and antimycotics (penicillin 100 U/mL, streptomycin 10 g/mL, amphotericin B 0.25 g/mL [Invitrogen, Carlsbad, CA], and gentamicin 0.05 mg/mL [Sigma, St. Louis, MO]). These activated corneal fibroblasts were plated in 100-mm dishes and on 13-mm glass coverslips in 10% FBS/DMEM/F12. After 24 hours, they were made quiescent by serum starvation for 48 hours: DMEM/F12 containing 0.2% FBS (0.2% FBS/DMEM/F12). Finally, they were left untreated or treated with 10 ng/mL platelet-derived growth factor (PDGF) or 10 ng/mL fibroblast growth factor and 5 g/mL heparin (FGF-2), or 10% FBS for 6 hours before fixation for immunocytochemistry or lysis and fractionation for SDS-PAGE analysis. We also used human 293T fibroblasts (Stuart A. Aaronson, Mount Sinai School of Medicine, New York, NY), which transfect readily to study the subcellular localization of an exogenously expressed myc-tagged ZO-1. 293T cells were cultured in 10% FBS/DMEM/F12. To make the 293T cells quiescent, they were plated on type I collagen (10 g/mL; Angiotech BioMaterials, Palo Alto, CA) in supplemented serum-free medium (SSFM) consisting of DMEM/F12 supplemented with L-glutamine, glutathione, RPMI vitamin mix, sodium pyruvate (Invitrogen), antibiotic-antimycotic mix, gentamicin (Sigma), and insulin-transferrin-selenium supplement (Invitrogen).
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Transfection
To verify that ZO-1 was translocated to the nucleus, we transfected 293T cells with myc-ZO-1. After 24 hours of growth in SSFM in 100-mm collagen-coated dishes, the 293T cells were transfected with 10 g of DNA/100-mm plate of full-length myc-ZO-1, 17 (generously supplied by Alan S. Fanning, Carolina Cardiovascular Biology Center, University North Carolina, Durham, NC) with a lipophilic transfection reagent (Lipofectamine 2000; Invitrogen), according to the manufacturer's protocol. Seventy-two hours after transfection, 10% FBS or PDGF or FGF-2 was added for 6 hours. These were compared to nontransfected 293T cells grown for 96 hours in SSFM. Lysis and fractionation were performed and analyzed by SDS-PAGE and immunoblot. 18, 19 In Vitro Scrape-Wound Model Confluent cell cultures grown for 48 hours in 10% FBS/DMEM/F12, or in 0.2% FBS/DMEM/F12 were wounded by a single scratch with a P200 pipette tip across the diameter of the coverslip. After wounding, media were replaced with fresh media of the same composition for 4 to 6 hours and then fixed for immunocytochemistry.
Immunocytochemistry
Cells were fixed with 3% p-formaldehyde (PFA; Fisher Scientific, Pittsburgh, PA) in PBS (pH 7.4; 20 minutes, 25°C), and permeabilized with 1% Triton X-100 in PBS (10 minutes, 25°C). In preliminary experiments, we found that this concentration of and duration of exposure to Triton was necessary for antibodies to gain consistent access to the nucleus. After blocking nonspecific binding with 3% normal goat serum (20 minutes, 25°C), the cells were incubated with primary antibodies, which were diluted according to the supplier's instructions in PBS with 3% normal goat serum, 0.1% Triton, 1% BSA, and 0.02% sodium azide. The following antibodies were used for immunocytochemistry ( 
Cell Lysis, SDS-PAGE, and Immunoblot Analysis
Cells grown and treated as just described were rinsed twice in ice-cold PBS (pH 7.4) and gently resuspended in lysis buffer composed of 0.5% Nonidet P-40, 1 mM dithiothreitol, 100 mM NaF, 3 mM sodium vanadate, 10 mM sodium pyrophosphate, and protease inhibitors (Complete; Roche, Indianapolis, IN). Subcellular fractionation was performed as published. 18 The lysates were centrifuged at 1000g for 5 minutes at 4°C, and the supernatant was saved as the cytosolic fraction (CF). The pellet was resuspended in lysis buffer: 10 mM Tris (pH 8.4), 140 mM NaCl, 1.5 mM MgCl 2 , (identified as lysis buffer B 18 ), and a one-tenth volume of the detergent (3.3% [wt/vol] sodium deoxycholate and 6.6% [vol/vol] Tween 40) was added while vortexing at a low speed. The suspension was incubated on ice for 5 minutes, and the nuclear fraction (NF) was pelleted by centrifugation at 1000g for 3 minutes at 4°C, and the supernatant was added to the CF. The nuclear pellet was rinsed once in lysis buffer and lysed in RIPA buffer (150 mM NaCl, 2 mM EDTA, 1% DOC, 0.1% SDS, 1% Triton X-100, 10% glycerol, 50 mM HEPES [pH 7.5], 100 mM NaF, 3 mM sodium vanadate, and 10 mM sodium pyrophosphate protease inhibitor [Complete; Roche]) on ice. 18 A 20-to 100-g protein aliquot of each fraction was analyzed by SDS-PAGE. This protocol successfully separates nuclei and cytosol as indicated by reprobing the blots for SC-35 or RNA polymerase II as a nuclear marker, (immunodetected by mouse anti-SC-35 [BD Bioscience] or rabbit anti-RNA Pol II [Santa Cruz Biotechnology, Santa Cruz, CA]), and for ␣-tubulin, as a cytoplasmic marker (immunodetected by mouse anti-␣-tubulin; Sigma). We immunodetected ZO-1 using rabbit anti-ZO-1 (61-7300, Lot: 41191369, Zymed) and myc, using mouse anti-myc (9E10; Santa Cruz Biotechnology).
RESULTS
ZO-1 in the Nucleus of Corneal Rabbit Fibroblasts
ZO-1 was immunodetected in the cell-cell contacts as previously shown (Fig. 1A , double arrows). Unexpectedly, when we optically sectioned through the nucleus using confocal microscopy we immunodetected ZO-1 in discrete structures within the nuclei of rabbit corneal fibroblasts, which were grown in 10% FBS (Fig. 1B , single arrow). This result was consistent with previous sequence analysis that indicated that ZO-1 has two nuclear localization sequences. These sequences have been proposed as the basis for localization of ZO-1 in the nucleus of subconfluent epithelial cells cultured in a wound area. 5, 12, 20 To understand the potential role that nuclear ZO-1 may play, we first asked whether ZO-1 was in the nucleus of rabbit corneal fibroblasts when the cells were growth arrested at the G 0 /G 1 under conditions of serum starvation (0.2% FBS, 48 hours). We did not detect ZO-1 in the nuclei of serum-starved fibroblasts ( Fig. 2A; N) . However, ZO-1 was detected in the nucleus if serum-starved cultures were treated with 10% FBS for 6 hours (Fig. 2B, single arrow) . Because PDGF and FGF-2 have been shown to promote migration and proliferation in models of wound-healing, 21 we tested whether these growth factors could promote nuclear translocation of ZO-1 in serumdeprived corneal fibroblasts. The cells were then incubated (6 hours, 37°C), with or without 10% FBS, PDGF, or FGF-2. In contrast to serum-starved cells where ZO-1 was found only in the cell-cell contacts ( Fig. 2A, double arrows) and not in the nucleus in fibroblasts treated with 10% FBS, PDGF or FGF-2, ZO-1 was found in discrete sites resembling nucleoli (Figs. 2B-D, single arrows) as well as cell-cell contacts (double arrows). ZO-1 was detected in nuclei in 45%, 32%, and 30% of fibroblasts treated with 10% FBS, PDGF, and FGF-2, respectively, but was not found in nuclei of serum-starved fibroblasts (Fig. 2E) .
To control for the possibility that our immunocytochemical protocol allowed for nonspecific localization by rabbit antibodies we substituted rabbit antibodies to other cytoplasmic proteins: connexin-43 (Cx43), focal adhesion kinase (FAK), or preimmune IgG. We did not detect nuclear localization of either Cx43 or FAK or preimmune IgG in either serum-starved or treated fibroblasts (data not shown). Nuclear localization of ZO-1 seems dependent on protein synthesis since treatment with 10 g/mL cycloheximide 1 hour before the addition of 10% FBS inhibited the translocation of ZO-1 into the nucleus. In contrast, ZO-1 was still localized in the cell-cell contacts after inhibition of protein synthesis (data not shown).
Immunoblot Detection of ZO-1 in the Nuclear Fraction
To confirm the immunocytochemical data, we evaluated the distribution between the nucleus and cytosol of endogenous ZO-1 in rabbit corneal fibroblasts or exogenous ZO-1 in 293T cells after serum treatment. We used an established protocol to separate the NF and CF. 19 and used SC-35 or RNA Pol II as a marker for the NF and ␣-tubulin as a marker for the CF. Significant amounts of ZO-1 were immunodetected in both the NF and CF of rabbit corneal fibroblasts grown in serum (Fig.  1C) and also in 293T cells transfected with myc-ZO-1 and grown in serum (Fig. 1D) . Similar nuclear and cytosolic localization was detected with an antibody to ZO-2 (data not shown).
To confirm that serum induces the nuclear translocation of endogenous ZO-1, we grew 293T cells in serum-free medium. We compared these with the 293T cells grown in serum-free medium and treated with 10% FBS for 6 hours before lysis. ZO-1 was detected in the NF only after treatment with FBS (Fig.  3A, lane 1) . Because 293T cells are easily transfected (compared to primary corneal fibroblasts), we could evaluate the distribution of exogenously expressed myc-ZO-1 in 293T cells grown in SSFM or SSFM treated with 10% FBS or growth factor. Seventy-two hours after transfection, the cells were treated with 10% FBS, PDGF, or FGF-2 or not treated for 6 hours and then lysed. The lysates were fractionated into NF and CF, separated by SDS-PAGE, and immunoblotted with anti-myc to detect myc-ZO-1, with anti-SC-35 to verify the NF and with anti-␣-tubulin to verify the CF. myc-ZO-1 was immunodetected ; lanes 2 and 3, respectively) but was immunodetected in the NF of cells treated with 10% FBS (Fig. 3B ; lane 1) and cells treated with FGF-2 or PDGF ( Fig. 3C; lanes 1, 2) . These data demonstrate that myc-ZO-1 was expressed in 293T cells but was only translocated into the nucleus of cell treated with 10% FBS, PDGF, or FGF-2. This extends our finding on FBS-, PDGF-, and FGF-2-induced nuclear translocation of endogenous ZO-1 in rabbit corneal fibroblasts and 293T cells. These data also confirm that ZO-1 nuclear translocation is in response to treatment of cells with 10% FBS, or growth factors, and that ZO-1 nuclear translocation does not occur simply because of increased ZO-1 protein expression.
Defining the Subnuclear Localization of ZO-1
The nucleus contains several morphologic and functional subdomains including nucleoli, splicing speckles, and PML bodies. These nuclear bodies are involved in rRNA synthesis, mRNA processing, transcriptional regulation of DNA and cell-cycle regulation respectively. 10, 11 Because of their size, shape, and number, the ZO-1 containing nuclear structures resembled nucleoli. To confirm that they were nucleoli, we performed dual immunocytochemical localization with antibodies to nucleoli, splicing speckles, and PML bodies. We used rabbit corneal fibroblasts grown under standard conditions of serumstarvation followed by treatment with or without 10% FBS (6 hours, 37°C). Nucleoli, splicing speckles, and the PML nuclear bodies were identified with antibodies to nucleolin, SC-35, and PML, respectively. [22] [23] [24] All were detected in their characteristic morphology (Fig. 4) . Furthermore unlike ZO-1, the structures identified by these antibodies were restricted to the nucleus and were in the same location, both in serum-deprived rabbit corneal fibroblasts (Figs. 4A, 4C, 4E ) and in fibroblasts treated with 10% FBS (Figs. 4B, 4D, 4F ). The nucleolar morphology was also confirmed with antibody to the nucleolar marker Nopp140 (data not shown). Using sequential confocal microscopy, we demonstrated that ZO-1 colocalized with nucleolin in rabbit corneal fibroblasts (Figs. 5A , 5B, 5C, single arrows) but not with either SC-35 or PML (data not shown). We concluded that nuclear ZO-1 was concentrated in the nucleoli of rabbit corneal fibroblasts.
ZO-1 Localization in Fibroblasts Migrating into a Scrape Wound
We previously demonstrated in migrating fibroblasts that ZO-1 was strongly expressed at the leading edge of lamellipodia, where it colocalized with G-actin. 4 Since in the present study we found that ZO-1 was detected in nucleoli of cells treated with 10% FBS, PDGF, or FGF-2, conditions that induce cell proliferation, we wondered whether ZO-1 would also translocate to nucleoli after wounding. We scrape wounded confluent cultures of rabbit corneal fibroblasts grown with or without 10% FBS for 6 hours after serum starvation. We found ZO-1 in nucleoli of the migrating fibroblasts, even in cultures that were serum-deprived (Figs. 6A, 6B, single arrow) . In contrast to nonwounded, serum-starved cultures where ZO-1 was not detected in nucleoli ( Fig. 2A) , cells distal to the wound also had nucleolar ZO-1 (Figs. 6C, 6D ) presumably as a result of signals transmitted from the cells adjacent to the wound through gap junctions. 25 We also confirmed that ZO-1 was immunodetectable in the leading edge of lamellipodia (Figs. 6A, 6B arrowhead) and in cell-cell contacts (Figs. 6A, 6B, double arrows) . Because ZO-1 was found in nucleoli in the cultures of fibroblasts migrating into the wound under serum-starvation, we concluded that wounding provides signals that are sufficient to cause the nuclear translocation of ZO-1. Thus, wounding as well as treatment of cells with 10% FBS, PDGF, or FGF-2 induced ZO-1 to translocate to the nucleolus. (Fig. 1C) , endogenous ZO-1 was detected in the NF of 293T cells after FBS treatment. (B, C) 293T cells were transfected 24 hours after seeding with myc-ZO-1. 72 hours after transfection, cells were treated with 10% FBS (B), 10 ng/mL PDGF or 10 ng/mL FGF-2 (C) for 6 hours. After lysis and separation of the NF, identified by immunodetection of SC-35 and the CF, identified by immunodetection of ␣-tubulin, immunoblot analysis with anti-myc antibody to detect myc-ZO-1 was performed. myc-ZO-1 was successfully expressed in the 293T cells and was detectable in the CF of 293T cells under all conditions. myc-ZO-1 was detected in the NF only in fibroblasts cells treated with 10% FBS (B) or a growth factor (ϩ) (C) and was absent from the NF of serum-starved cells (Ϫ).
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DISCUSSION
We recently demonstrated that ZO-1 localizes to the leading edge of lamellipodia in activated corneal fibroblasts migrating into a wound. 4 We now report that ZO-1 is detected in nucleoli of corneal fibroblasts that are activated by scrape wounding or by treatment of 10% FBS, PDGF, or FGF-2. Since quiescent corneal fibroblasts (keratocytes) are activated in situ by endogenous growth factors including PDGF (synthesized by the epithelium and stored in the corneal basement membrane) and FGF-2 (secreted by both epithelial and fibroblast cells), 21 this finding suggests a dynamic role for nucleolar ZO-1. ZO-1 in the nucleolus is in a position to interact with resident proteins and other proteins translocated there after stimulation. 10 ZO-1's domain structure provides several interaction sites. Previous research has focused on the domains that bind to the actin cytoskeleton and that bind to transmembrane proteins of cellcell junctions directly (occludins and connexins) or indirectly (via ␤-catenin to cadherins). Other interacting domains include three PDZs domains in the N-terminal, a guanylate kinase site (GuK), a Src homology domain (SH3) and the C-terminal actinbinding domain and of special interest, two putative nuclear localization signals. 7 This is the first report of detection of ZO-1 in nucleoli. Earlier studies in epithelial cells have identified conditions in which ZO-1 was detected in the nucleus, but it was not detected in nucleoli. Specifically ZO-1 was immunodetected in the nucleus when epithelial cell cultures were subconfluent but localized to the cytoplasm at epithelial cell-cell junctions as cell-cell contacts matured or when cell cultures were more confluent and less proliferative. 12 Similarly, ZO-2 was detected in the nucleus in sparse cultures of epithelial cells where it partially colocalized with splicing factor SC-35. 26 Gottardi et al., 12 found that the translocation of ZO-1 into the nucleus of MDCK cells was dependent on new protein synthesis, which we found was also true for the localization of ZO-1 to nucleoli. In contrast to ZO-1 and ZO-2, symplekin was mainly cytoplasmic in subconfluent cultures and found in the nucleoplasm in confluent epithelial cultures. 27 Why has ZO-1 not been reported previously in nucleoli? In addition to identifying conditions that stimulated the translocation of ZO-1 into the nucleus, we attempted to increase the sensitivity of methods to detect this molecule immunocytochemically by altering the postfixation permeabilization. In consideration of previous reports of ZO-1 or ZO-2 in the nuclei of epithelial cells, 12, 26, 27 we tested various combinations of (A, B) , anti-SC-35 was used to detect splicing speckles (C, D), and anti-PML was used for PML bodies (E, F). These antibodies did not bind to any sites outside the nucleus. In contrast to our finding that ZO-1 was detected in the nucleus only after FBS (Fig. 2B) , these proteins were detectable in the nuclei of cells grown in serum-depleted medium (0.2% FBS) as well as after 10% FBS. Furthermore, the immunodetected patterns that we observed for nucleolin, SC-35, and PML were unaltered in cells treated with 10% FBS. The number and pattern of nucleolin containing bodies (A) was strikingly similar to those detected by anti-ZO-1 (Figs. 1, 2 ). Scale bar, 10 m.
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times and concentrations of incubation with Triton X-100 after 3% PFA fixation, and found that permeabilization by 1% Triton X-100 for 10 minutes produced consistent detection of ZO-1 in nucleoli of corneal fibroblasts treated with 10% FBS. (We also included 0.1% Triton X-100 in all steps in the immunodetection.) With the use of this protocol, ZO-1 was consistently detectable by wide-field fluorescence microscopy as a bright, specific signal in nucleoli of cells treated with 10% FBS or growth factors for 6 hours (Figs. 2, 6 ). Furthermore, ZO-1 was consistently absent from the nuclei of starved cells. The validity of the protocol was supported by two additional immunocytochemical controls: the previously described patterns of other nuclear proteins (SC-35, PML and nucleolin) were correctly immunodetected (Figs. 4, 5) , and no nucleolar signal was generated with preimmune rabbit IgG (data not shown). We hypothesize that incubation with increased concentration of Triton X-100 and the longer permeabilization time enhanced penetration of the nuclear membrane by the antibodies and/or made the ZO-1 in the nucleolus more antibody accessible. It is possible that a similar permeabilization protocol would reveal nucleolar ZO-1 in epithelial cells in a scrape-wound model or after appropriate growth factor stimulation.
12,28
The nucleolar localization of ZO-1 is intriguing, since the nucleolus is the site of ribosomal rRNA transcription, processing, and subsequent assembly of processed rRNA with ribosomal proteins to form ribosomal subunits. 29 In addition, the nucleolus can act as a "molecular basin" to retain proteins and thus prevent them from interacting with their potential downstream partners until a specific cell-cycle or metabolic stage. These include several proteins that control cell-cycle checkpoints, such as MDM2, Cdc14, Pch2, and pRB1. 10, 13, 30 For instance, p19 ARF protein in the nucleolus sequesters MDM2 protein from the nucleoplasm and prevents MDM2 from inhibiting p53. 10, 31 If ZO-1 in the nucleolus interacted with the p19 ARF protein through its SH3 domain, p19 ARF would not be available to interact with MDM2, which would remain in the cytoplasm, inhibiting p53 and cell-cycle progression, resulting in cell proliferation.
The fact that ZO-1 was not detected in the nucleoli of serum-starved fibroblasts but was detected in nucleoli of cells treated with either FBS, PDGF, or FGF-2 treatment, suggests that the nucleolar translocation is related to the G 1 /S transition. Similarly, fibroblasts' activation as they migrate into the scrape wound was accompanied by ZO-1 in the nucleolus even in the absence of addition of serum or growth factors. The multiple sites of ZO-1 detection suggest that ZO-1 performs multiple functions related to adhesion and cell density signals at cellcell junctions, actin assembly at the leading edge, and cell-cycle regulation in the nucleolus. ZO-1 is now a candidate for carrying signals by its translocation to nucleoli. 32 Our findings suggest future experiments aimed at investigating the how and why of ZO-1 translocation to the nucleolus and its function there. Such studies could add significantly to our understanding of the contribution of ZO-1 in the transition of cells from the G 1 to S phase and ZO-1's role in cell-cycle regulation and cell migration and proliferation during corneal wound healing.
